A novel supramolecular gel electrolyte formed from two-component low molecular mass organogelators was developed and introduced into quasi-solid-state dye sensitized solar cell (QS-DSSC). This supramolecular gel electrolyte system was prepared by using N,Nʹ-1,5-pentanediylbis-dodecanamide and 4-(Boc-aminomethyl)pyridine as co-gelator. Furthermore, the morphologies of the two-component supramolecular gel electrolyte and single-component gel electrolyte were observed by the polarized optical light microscopy, and the charge transport property of the two-component supramolecular gel electrolyte and the kinetic processes of the electron transport/recombination were investigated by the intensity-modulated photocurrent spectroscopy/intensity-modulated photovoltage spectroscopy (IMPS/IMVS). The polarized optical microscopy (POM) revealed that the single-component gel electrolyte was formed as the rod-like fibers, whereas the fibers changed to branched structure in the two-component supramolecular gel electrolyte. Moreover, comparing with the single-component gel electrolyte based QS-DSSC, the electron transport is faster and the electron recombination at the TiO2/electrolyte interface is slower in the two-component supramolecular gel electrolyte based QS-DSSC. Consequently, an efficiency of 7.04% was obtained by the two-component supramolecular gel electrolyte based QS-DSSC, which is higher than that of the single-component gel electrolyte based QS-DSSC (6.59%).
INTRODUTION
Dye sensitized solar cells (DSSCs) have been attracted significant attention over the past twenty years [1], owing to their outstanding cost-effectiveness, simple fabrication process and high conversion efficiency. Photoelectric conversion efficiency of DSSCs based on liquid electrolyte was up to 13% [2, 3] . However, some undesirable properties, such as leaking and evaporation of the liquid electrolyte, significantly affect the long-term stability, which is crucial to the application and commercial production of DSSCs [4, 5] . In recent years, the quasi-solid-state DSSCs (QS-DSSCs) turn out to be a good candidate to solve these prombles, and low molecular mass organogelators (LMOGs) have been extensively applied in QS-DSSCs due to their unique characteristics of both good solubility upon heating and inducement of smooth gelation of organic solvent at low concentrations [6, 7] . So far, almost all of quasi-solid-state electrolytes based on LMOGs applied in DSSCs have been comprised of single-component LMOGs. Even though these QS-DSSCs have shown some promising results, their charge diffusion coefficients still should be improved to maintain a sufficiently large flux of charge transport, which limits the photovoltaic performance [6, [8] [9] [10] . This triggered our intetrest in exploring a novel functional gel electrolyte system to improve the performance of QS-DSSCs. Supramolecular, which could be assembled by two or more LMOGs under proper conditions, dirven by non-covalent interactions, has attracted our attention because of their excellent properties due to their unique microstructures.
In this study, we designed a novel supramolecular gel electrolyte comprised of two-component LMOGs (N,Nʹ-1, 5-pentanediylbis-dodecanamide and 4-(Boc-aminomethyl)pyridine), and firstly introduced this kind of supramolecular gel electrolyte into DSSCs. Subsequently, we studied how the self-assembled microstructures of the supramolecular gel electrolytes influence the electrochemical properties and the photovoltaic performances of the devices. It is interesting that the supramolecular gel electrolyte can expedite the charge transport in the gel electrolyte and improve the photovoltaic performances of QS-DSSCs in comparison with the single-component gel electrolyte. 
Polarized optical light microscopy
For optical microscopic investigations, a piece of the gel was placed onto a glass slide and protected with a cover slip. The sample was heated to 130°C at a rate of 10°C min -1 and the micrographs were obtained during cooling between crossed polar izer using a microscope (DM2500P, Leica, Germany) equipped with a hot-stage (LTSE-420, Linkam, UK) and camera (micropubisher 5.0 RTV, Qimaging, Canada) at a rate of 1°C min -1 .
Differential scanning calorimetry (DSC)
The gel to solution transition temperature (T gel ) of the gel electrolyte was determined by differential scanning calorimeter (DSC-Q2000, TA, USA). Approximately 5-7 mg of each sample was weighed and sealed in an aluminum pan and heated at a rate of 10°C min −1 under nitrogen flow from 25 to 130°C for the DSC measurement.
Linear voltammetric measurements
Linear voltammograms were recorded on a electrochemical workstation (Autolab 320, Metrohm, Switzerland) at 25°C in two-electrode mode of DSSC equipped with a 5.0 μm platinum ultramicroelectrode (CHI107, CH Instruments Inc., USA) as the working electrode, a 1 mm radius platinum disk electrode (CHI102, CH Instruments Inc., USA) as the counter electrode and reference electrode [6] . The steady-state current-voltage curves were obtained at a scan rate of 5 mV s −1 .
Preparation of the electrolytes 1,2-Methyl-3-propylimidazolium iodide (DMPII) was prepared as reported previously [11] . The liquid electrolyte for DSSCs was composed of 0.1 M iodine (I 2 , 99%, Aldrich), 0.1 M anhydrous lithium iodide (LiI: 99%, Aldrich), 0.5 M N-methylbenzimidazole (NMBI: 99%, Aldrich), and 1 M DMPII in 3-methoxypropionitrile (MePN: 99%, Fluka). The gel electrolyte A (Gel A) was prepared by adding 4 wt.% (vs. liquid electrolyte) gelator 1 into the liquid electrolyte, and the gel electrolyte B (Gel B) was prepared by adding 2 wt.% gelator 1 and 2 wt.% gelator 2 into the liquid electrolyte. The mixtures were heated under stirring until the gelators melted, then the solutions were cooled down to room temperature, and the gel electrolytes A and B were formed. In addition, the chemical structures of gelator 1 and gelator 2 were shown in Fig. 1 .
Fabrication of the dye sensitized solar cells
The colloidal TiO 2 mircospheres were prepared by hydrolysis of titanium tetraisopropoxide as described in previous literature [12] . Nanocrystalline electrodes about 9.6 μm thick transparent layer were obtained by screen-printing TiO 2 paste on fluorine doped tin oxide (FTO) glass (TEC-8, LOF, USA). The TiO 2 film was heated in air for 30 min at 450°C. The film was immersed in an ethanol solution of 0.5 mM cis-dithiocyanate-N,Nʹ-bis-(4-carboxylate-4-tetrabutylammoniumcarboxylate-2,2-bipyridine) ruthenium (II) (N719 dye) for 14 h. The platinized counter electrodes were obtained by spraying H 2 PtCl 6 solution to FTO glass followed by heating at 410°C for 20 min. The DSSCs were assembled by sealing the dyed TiO 2 film and the counter electrode with thermal adhesive films (Surlyn1702, Dupont, USA). The liquid electrolyte was injected into the internal space between the two electrodes through the hole on the counter electrode, which were later sealed by a cover glass and thermal adhesive films (Surlyn1702, Dupont, USA). And the gel electrolytes were heated to 130°C under stirring until the gel transform to liquid completely. Then, the electrolyte (hot solution) was injected into the cell and the cell was sealed as the same as the liquid electrolyte. After cooling down to room temperature, a uniform motionless gel layer was formed in the cell. 
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IMVS/IMPS measurements
The experimental setup for intensity-modulated photocurrent and photovoltage spectroscopy (IMPS and IMVS) measurements have been described elsewhere [13] [14] [15] [16] [17] . Intensity-modulated measurements were carried out by an electrochemical workstation (IM6e, Zahner, Germany) with light emitting diodes (λ = 610 nm) driven by a source supply (Export, Zahner, Germany).
Characterization of incidental photon-to-electron conversion efficiency (IPCE)
The photocurrent action spectra were recorded on a QE/ IPCE measurement kit consisting of a 300 W xenon lamp (69911, Newport, USA), a 1/4 m monochromator (74125 Oriel Cornerstone 260, Newport, USA), a dual channel power meter (2931-C, Newport, USA) and the calibrated UV silicon photodetector (71675, Newport, USA).
Photovoltaic characterizations
The photovoltaic performance of the DSSCs with an active area of 0.16 cm 2 with black mask were measured by a Keithley 2420 digital source meter (Keithley, USA), and controlled by Test point software under a 450 W xenon lamp (Orial, USA) with a filter (AM 1.5, 100 mW cm -2 ). The incident light intensity was calibrated with a standard crystalline silicon solar cell before each experiment.
RESULTS AND DISCUSSION
The liquid electrolyte containing 2 wt.% gelator 1 and 2 wt.% gelator 2 as co-gelator can form a mechanically stable two-component supramolecular gel electrolyte (Gel B), and the single-component gel electrolyte (Gel A) was formed with 4 wt.% gelator 1. It is noteworthy that Gel A and Gel B show the remarkable differences in the self-assembly modes which can be clearly seen from the optical micrographs in Fig. 2 . The samples were heated to 120°C at a rate of 10°C min -1 and cooled to room temperature at a rate of 1°C min -1 , then the photograph were obtained. The gelator 1 formed rod-like fibres in Gel A, whereas the co-gelator in Gel B formed branched fibres due to the co-assembly of gelator 1 and gelator 2. In addition, as shown in Fig. 2 , the network of Gel A is more compact than that of Gel B. It can be speculated that the charge transport channel in the supramolecular gel network is smoother than that in the single-component gel network.
It is known that, the microscopic 3D network formed by LMOGs has an important influence on the thermodynamic and electrochemical properties of the gel electrolyte [18] . Therefore, the transition temperature (T gel ) from gel state to liquid state was measured and used as an important parameter to reflect the intrinsic stability of the gel electrolyte. It is intersting that both gelator 1 and gelator 2 are necessary to access the gel at low gelator contents. Neither gelator 1 nor gelator 2 can form gel electrolyte when the gelator content is below 4 wt.% in a single-component system. Moreover, when we decreased the content of gelator 1 to 2 wt.% and added 2 wt.% gelator 2 into the system to form the two-component supramolecular gel electrolyte, the gelation ability is not significantly weakened. As shown in Fig. 3 , the T gel of Gel B is 87°C, which is only slightly lower than the T gel of Gel A (90°C). This phenomenon may result from the less compact gel network of Gel B formed from the two-component co-gelator by co-assembly process. However, both of the T gel values are high enough to ensure the gel state of these two kinds of gel electrolytes at the operating temperature of the devices.
Generally, the increased apparent diffusion coefficients 
where n is the electron number in the electrode reaction, F is the Faraday constant, c is the bulk concentration of electroactive species, D app is the apparent diffusion coefficient, and r is the radius of the Pt ultramicroelectrode. As can be seen in Fig. 4 , when the liquid electrolyte is only gelated by gelator 1, the D app values of I − and I 3 − are both decreased obviously (listed in Table 1 ). However, when the liquid electrolyte is gelated by the co-gelator containing both gelator 1 and gelator 2, the D app values of I − and I 3 − are improved and quite close to those of the liquid electrolyte. This favourable result could be attributed to the less compact and more porous gel network of the two-component supramolecular gel electrolyte which provides effective pathways for the transportation of I − and I 3 − . In our previous study [18] , we found that the amide carbonyl groups of gelators can interact with the lithium ions ). 
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ARTICLES tentials and increase the charge injection efficiency of the excited state dye [19, 20] . The interaction between the gelators and Li + in the QS-DSSCs can decrease the adsorption amount of Li + on the surface of the mesoporous TiO 2 film and results in the negative shift of TiO 2 conduction band edge in comparison with the liquid electrolyte based DSSC. Furthermore, compared with Gel A, the much smaller fibrils dimension of Gel B decreases the steric hindrance effects on the Li + diffusion in the gel network, which facilitates the Li + diffusion from the electrolyte to the surface of the mesoporous TiO 2 film, and shifts the TiO 2 conduction band edge to more positive potentials.
The adsorbed Li + can intercalate into the TiO 2 lattice and creat extra surface state that strongly influence the kinetic processes of the electron transport/recombination in DSSCs [20, 21] . Compared with Gel A, the decreased steric hindrance effect of the supramolecular gel network on the diffusion of Li + in Gel B increases the adsorption amount of Li + and surface states on the surface of the mesoporous TiO 2 film, which results in much longer electron transport time (τ d ) and electron recombination lifetime (τ n ) [22, 23] . τ d is associated with the electron transport process from the injection sites to the transparent conducting oxide substrate, and τ n is mostly determined by the rate of recombination between the electrons in the TiO 2 films and I 3 − in the electrolyte. As shown in Fig. 6 , at the same J sc , both τ d and τ n are decreased in both QS-DSSCs based on Gel A and Gel B in comparison with the liquid electrolyte based DSSC. Furthermore, τ d and τ n of the QS-DSSC based on Gel B are much longer than those of the DSSC based on Gel A. This phenomenon can be attributed to the quite different microscopic structures of the gel networks and the changed surface state as mentioned above.
Moreover, the electron collection efficiency (η coll ) is determined by the competition between the transport of electrons through the TiO 2 film and the recombination of photoinjected electrons with the redox electrolyte or oxidized dye, which could be evaluated by η coll = 1− τ d /τ n [24] as shown in Fig. 7 . As can be seen in Fig. 7 , the order of η coll is Gel A < Gel B < liquid. The η coll as an important factor of IPCE will further influence the short circuit photocurrent density. Fig. 8 presents curves of IPCE and the J-V characteristics at AM 1.5 (100 mW cm −2 ) and under dark condition for DSSCs based on liquid electrolyte and gel electrolytes. And the photovoltaic performances of short circuit photocurrent density (J sc ), open circuit potential (V oc ) and energy conversion efficiency (η) are listed in Table 2 . As shown in 
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position, which would contribute to the V oc . However, on the other hand, the V oc is also influenced by the electron recombination in the TiO 2 photoelectrode/electrolyte interface [14, 15] . Therefore, it can be concluded that the lower V oc of QS-DSSCs is mainly caused by the increased electron recombination at the TiO 2 /electrolyte interface. Moreover, in comparison with the single-component gel electrolyte, the less compact gel network of the two-component supramolecular gel electrolyte provides more effective pathways for the transportation of I 3 − from TiO 2 /electrolyte interface to the Pt counter electrode, which results in a decreased I 3 − concentration at the TiO 2 /electrolyte interface. As a result, the reduced electron recombination and increased τ n was obtained in the QS-DSSCs based on Gel B, which further lead to a increased V oc . According to the previous report [25] , the short-circuit photocurrent density (J sc ) can be caculated by integrating the product of the incident photon flux density and IPCE used for light absorption by the dye, the J sc is shown as follow:
where q is the electron charge, F(λ) is the incident photon flux density at wavelength λ, and r(λ) is the incident light loss before reaching the TiO 2 film in the cell. Also, the IPCE can be caculated by the equation: IPCE = η lh ·η inj ·η coll , where η inj is the electron injection efficiency and η lh is the product of the light-harvesting efficiency of the dye which is considered the same for all of DSSCs in this work. Compared with the DSSC based on Gel A, the IPCE and J sc values of the DSSC based on Gel B are improved obviously, which is attributed to the increased η inj by the positive shift of the TiO 2 conduction band edge shown in Fig. 5 and the increased η coll shown in Fig. 7 . It is noteworthy that there is almost no difference in the IPCE and J sc between the DSSCs based on liquid electrolyte and Gel B. Consequently, the supramolecular gel (Gel B) based QS-DSSC shows an impressive efficiency of 7.04%, which is quite close to that of the liquid electrolyte based DSSC (7.11%).
CONCLUSION
In conclusion, for the first time, a novel supramolecular gel electrolyte formed from two-component low molecular mass organogelators was successfully developed for QS-DSSCs. The supramolecular gel network formed from the co-gelator exhibits branched fibrils with much smaller size than those of the single-component gel network, which provides much better charge transport channel. Furthermore, the much smaller fibril size and less compact gel network of the supramolecular gel lead to the higher diffusion of redox species (I − and I 3 − ) compared with the single-component gel, which results in the reduced dark reaction and contributes to the J sc and V oc of the supramolecular gel electrolytes based QS-DSSC. Because of the positive shift of TiO 2 conduction band edge which results from the increased adsorption of Li + on the surface of the mesoporous TiO 2 films, the QS-DSSC based on the co-gelator has much 
